An interpretation of high-frequency (20-2400 Hz) fast quasiperiodic oscillations of magnetars in terms of an equivalent electric circuit is given. Observed periods and the very high quality of quasi-periodic oscillations are explained. The oscillation source is represented as a hot electron-positron plasma in a 'trapped fireball', a system of current-carrying magnetic loops of various sizes. The physical parameters of a 'trapped fireball' in the flare of SGR 1806 -20 (2004 are estimated.
INTRODUCTION
The three giant flares of neutron stars (Table 1) 44 − 10 46 erg, were accompanied by highfrequency quasi-periodic oscillations (QPOs) of the X-ray emission (Barat et al. 1983; Terasawa et al. 2005; Watts & Strohmayer 2007) .
The greatest variety of the oscillations with frequencies from 18 to 2384 Hz, was recorded by the RXTE (Rossi X-Ray Timing Explorer) and RHESSI space observatories on the pulsating tail of the flare from SGR 1806-20. The amplitude of the high-frequency oscillations is modulated by the magnetar's rotation with a spin period of the order of several seconds (Figure 1) .
The model of high-frequency pulsations must explain not only their period and excitation mechanism but also their very high quality factor, Q ≥ 10 4 -10 5 . For example, during the flare of SGR 1806-20 on 2004 December 27, oscillations with a frequency of 625 Hz lasted 200 s, i.e. Q ≈ π×625×200 ≈ 4×10
5 . Most of the existing models cannot explain a complete set of the observed characteristics for the oscillations with frequencies from 20 to 2400 Hz. The approach presented here is based on the representation of the oscillation source as a hot (∼ 1 MeV) electronpositron plasma in a trapped fireball -a system of current-carrying magnetic loops, by analogy with a flare loop as an equivalent RLC circuit (Alfvén & Carlqvist 1967; Zaitsev & Stepanov 2008) . As an illustration of the efficiency of the proposed RXTE and RHESSI in 'ringing tail' of SGR 1806-20 . The spin period is 7.56 s (Strohmayer & Watts 2006) . model, the diagnostics of the corona of SGR 1806-20 is presented.
FLARE SCENARIO AND OVERVIEW OF THE EXISTING MODELS
According to the present views, giant flares of the soft gamma repeaters (SGRs) -single neutron stars with the radii 10-30 km, masses ∼ 1.5 M ⊙ and magnetic fields 10 14 -10 15 G -result from sudden disturbances in the metallic stellar crust: tectonic plate motions (Ruderman 1991) , starquakes triggering a catastrophic rearrangement of electric currents and fields in the magnetosphere that is accompanied by an enormous energy release, 10 44 -10 46 erg. The forming of a fireball of hot (∼ 1 MeV) electron-positron plasma and high-energy photons (Thompson & Duncan 2001) is the source of the main pulse of a flare, which lasts for several fractions of a second. The hot plasma fireball leaves the stellar surface at the speed of light. The remnant -a trapped fireball, i.e., plasma trapped by the magnetic field frozen into the stellar crust, decays within several minutes and provides the flare tail, on which high-frequency quasi-periodic pulsations, along with the second-scale rotational oscillations, are prominent.
The models of high-frequency QPOs based on global seismic vibrations of a magnetar are most popular (see, e.g., Watts & Strohmayer 2007) . Early models of neutron stars implied the excitation of torsional vibrations of a crust with a shear during starquakes. The crustal motions cause a modulation of super-strong magnetic fields and electric currents in the magnetosphere of a neutron star, which produce variations in the X-ray flux. The oscillations with frequencies from 30 to 1840 Hz can be explained in this way. However, the observed pulsations with frequency ≤ 20 Hz cannot be explained by the torsional vibrations of a crust with a shear (Strohmayer & Watts 2006) . The cause of the high Q-factor of oscillations is not investigated in seismic models either. Moreover, Levin (2007) drew attention to the rapid decay, on a time scale of the order of ten oscillations, of torsional crustal modes due to the transfer of their energy into Alfvén waves, which effectively decay in the inner layers of the magnetar. Beloborodov & Thompson (2007) proposed a possible alternative to the mechanism of global seismic vibrations: the QPO source is located in the magnetar corona. They drew attention to the fact that nonlinear oscillations of the production of electron-positron pairs emerge during the formation of the magnetar corona, consisting of a set of magnetic loops (Figure 2 ). The electric field generated in a magnetic loop must be strong enough for electronpositron pairs to be produced, but the field decreases because of screening when the corona is saturated with plasma. The process is then repeated. A numerical experiment showed that the electric current oscillations in a coronal loop can have a fairly high frequency ∼ 10 kHz (Beloborodov & Thompson 2007) . Fig. 2 . Schematic views of a trapped fireball (left) and a single current-carrying coronal loop frozen into the neutron star surface (right). The electric current is initiated by starquakes, which lead to twisting of one or two loop footpoints (A and/or C). The current flows along the loop, and it is closed in the metallic crust of a magnetar (Beloborodov & Thompson 2007) . Ma et al. (2008) proposed an interpretation of QPOs based on MHD oscillations of coronal magnetic loops in the magnetar corona. However, proposed mechanism does not explain the high-frequency oscillations with frequencies of 625 and 1840 Hz and a very high Q-factor.
EQUIVALENT ELECTRIC CIRCUIT MODEL
The model for the high-Q high-frequency oscillations in magnetars proposed here is based on the ideas of coronal seismology, which studies oscillations and waves in stellar coronae. At present, two approaches are developed in coronal seismology. The first approach investigates MHD-oscillations and waves in the fundamental structures of stellar coronae -coronal magnetic loops. The second approach is based on the idea of Alfvén & Carlqvist (1967) about a flare loop as an equivalent electric circuit. The trapped fireball, with which the ringing tail is associated, can be represented as a set of current-carrying magnetic loops (Figure 2 ) with various sizes whose eigen-frequencies and Q-factors are given by the well-known expressions
where R and C are the resistance and capacitance of the coronal loop, L is the inductance determined by the loop geometry:
Here l is the loop length, a is the loop radius. Given the energy E = LI 2 /2 released in the pulsing tail, we can determine the electric current I in the 'trapped fireball' and, hence, the coronal plasma density and the ϕ-component of the magnetic field. The observed power of the energy release W = RI 2 allows us to find the resistance R of the current-carrying coronal loop and to estimate its capacitance C = ε A S/l, i.e., also the Q-factor from the oscillation frequency. Let us illustrate the efficiency of the proposed model using the most powerful known SGR event with developed QPOs as an example.
THE FLARE OF SGR 1806-20 ON 2004 DECEMBER 27
The energy released during the flare was of the order of 5×10 46 erg and the stored magnetic energy ∼ 10 47 erg (Terasawa et al. 2005 ). The energy of the ringing tail of the flare was ∼10 44 erg (Vietri et al. 2007 ). Since several frequency oscillations were observed in the flare tail, we assume that the set of currentcarrying coronal loops are responsible for the oscillations. For an "average" loop, we assume that the energy stored in it to be ≈ 2×10 43 erg. Taking the loop length and radius to be l = 3×10 6 cm and a = 3×10 5 cm, respectively, we find its inductance L ≈ 5×10 6 cm = 5×10 −3 H from Equation (2). Assuming that a considerable fraction of the energy stored in the "average" loop was released, E ≈ 2×10 43 erg = 2×10 36 J, we determine the current I = (2E/L) 1/2 ≈ 2.8×10 19 A. Further using the Biot-Savart law we estimate the ϕ component of the magnetic field in the loop from the electric current to be B ϕ ≈ I/ca ≈ 10 13 G. The number density of electron-positron pairs n in the source of the flare tail can be determined from the electric current I = encS and the cross section of the coronal loop S with the radius a = 3×10 5 cm. 
≈ 2×10
−6 Ω. The origin of such a resistance of the coronal loop can be associated with an anomalous conductivity that arises in the course of excitation of smallscale plasma waves. The effective (turbulent) resistance can be represented as
where the anomalous (turbulent) conductivity is σ eff = e 2 n/mν eff , with ν eff = (W p /nk B T )ω p ≈ 10 −1 ω p . Thus, the level of small-scale plasma turbulence W p /nk B T in the QPO source must be fairly high. One of the possible causes of such a level of plasma waves can be the instability of fairly dense (n b /n ∼ 0.1) beams of highenergy electrons, accelerated in electric fields of the magnetar corona (Beloborodov & Thompson 2007) . Here n b is the density of the beam of accelerated electrons. The minimum (ν 1 = 18 Hz) and maximum (ν 2 = 2384 Hz) frequencies of the ringing tail of SGR 1806-20 allow the capacitance of the current-carrying magnetic loops to be estimated from Equation (1) for the frequency. As a result, we obtain
On the other hand, the capacitance of a coronal loop can be approximately represented as
A is the dielectric permittivity of the medium for Alfvén waves (Zaitsev & Stepanov 2008) . It follows from the dispersion relation for Alfvén waves
that the Alfvén velocity in the magnetar corona is approximately equal to c. Therefore, ε A ≈1 and for adopted cross-sectional area of the loop S = πa 2 ≈ 3×10 11 cm 2 and length l = 3×10 6 cm, we obtain C ≈ 10 5 cm =10 −7 F, which is several times lower than the value of C 2 calculated from Equation(1). Note that the sizes of coronal loops in the trapped fireball can differ by several orders of magnitude. It is easy to see that with increasing S as l decreases ("thick" loop), the coincidence between of the capacitance with C 2 and C 1 can be achieved. Applying the second relation from Equation (1), we find the Q-factors for the minimum and maximum frequencies, Q 1 ≈ 3×10 5 and Q 2 ≈ 10 7 , which exceed the observed Q-factors of QPOs by one or two orders of magnitude. This discrepancy can be attributed to both insufficient sensitivity of the recording equipment or to "cooling" of the trapped fireball.
SELF-EXCITATION OF HIGH-FREQUENCY CURRENT
OSCILLATIONS For small deviations of the electric current Ĩ << I, the equation describing the electric current oscillations in a loop can be represented as Khodachenko et al. (2009) 
In Equation (5), we take into account the fact that, since the anomalous resistance R eff ∼ ν eff is proportional to the power of energy release, W ∼ I 2 , the resistance can be represented from dimensional relations as R eff ∼ αI 2 , where α is some coefficient. We see from Equation (5) that the oscillations will be self-excited at currents lower than the maximum value in the giant pulse of the flare, I < I max , i.e., not only at the descending stage of the flare but also at its ascending stage. Thus, RLC model can explain the entire set of observed oscillation frequencies, from 20 to 2400 Hz, the excitation of the oscillation both in the flare tail and at the beginning of the main pulse, and, what is especially important, the high Q-factor of the oscillations Q > 10 4 . The high-frequency current variations in coronal loops cause periodic magnetic field variations, leading to a modulation of the magnetar emission. Although the proposed approach -the representation of coronal loops as equivalent RLC circuits -is largely phenomenological, it, nevertheless, allows to estimate the parameters of the neutron star magnetosphere independently. 
at which the non-relativistic Landau energyheB/m e c becomes comparable to the electron rest energy m e c 2 . Hence, the non-quantum electrodynamic approach can be used for the description of trapped fireball plasma. Based on the RLC model, the current value makes it possible to estimate also the electron density in the magnetosphere of SGR 1806-20: n ≈ 2×10 16 cm −3 . One should emphasize that when determining the electric current and the ϕ-component of the magnetic field in the ringing tail the energy relation E = LI 2 /2 was used. In this case, the energy of the ringing tail of the flare (∼ 10 44 erg) is lower then the total flare energy by more than two orders of magnitude. If the energy release in a single magnetic loop is assumed to be responsible for the main pulse of the flare from SGR 1806-20 (5×10 46 erg), then the current I ≈ 10 21 and the ϕ-component of the magnetic field reaches B ϕ ≈ 4×10 14 G, consistent with the present-day models of magnetars.
